1.Introduction
To study the formation mechanism of phospholipid self-assembly structures is fundamentally important for the consideration of the stability of biomembranes, since phospholipids are one of main components of biomembranes. Phospholipid molecules are formed self-assembly structures when they are dispersed into not only water but also organic solvents (glycerol, ethylene glycol, etc.) . Biomembranes function normally in water, however, studies on phospholipid systems in organic solvents provide complemental basic information for the stability of biomembranes in an aqueous medium from wide viewpoints.
It is well known that saturated diacyl phosphatidylcholine (PC) molecules form an interdigitated structure in glycerol below their gel-to-liquid crystalline phase transition temperatures (McDaniel et al., 1983, Swamy and Marsh, 1995) . In contrast with a normal bilayer structure, in an interdigitated structure, the terminal methyl group of the acyl chains extend beyond the bilayer midplane, effectively interpenetrating into the opposing monolayer . Swamy and Marsh (1995) have proposed an interpretation for the formation mechanism of interdigitated structure of PCs in glycerol, based on their systematic calorimetric study for eight different saturated PCs with carbon number from 13 to 20 in the acyl chains. In their thermodynamic analysis, they have assumed that, in the interdigitated structures, the moiety around polar headgroup regions is the same for all PC systems they studied, i.e., the acyl chain regions only become longer according to the increasing of the carbon number in the chains. One of the advantages of thermodynamic analyses is that the energetic relations of phenomena or the stability of systems can be examined without detailed knowledge of the microscopic interactions and structures.
However, when some assumptions for the microscopic structures are adopted in these analyses, these assumptions must be carefully examined.
The aim of this study is to confirm experimentally whether Swamy and Marsh's assumption is acceptable. Based upon X-ray diffraction measurements on the interdigitated structures for five saturated PCs with different chain lengths, we will show that the moiety around polar headgroup regions in the interdigitated structure of these PC/glycerol systems is almost unaltered independent of the carbon number in the acyl chains. To analyze the X-ray data, we used a new method proposed by Adachi (2000) . A Ni-filtered CuK radiation beam from an X-ray generator (RU200BEH, Rigaku Tokyo, Japan) was focused with a double-mirror optical system. X-ray diffraction patterns were recorded using an Imaging plate (Fuji Photo Film Co. Ltd., Tokyo, Japan).
2.Materials and Methods

All
The sample cell was made of an aluminum frame of 1.8 mm thickness with a hole and sample was set in the hole and sealed with thin glass plate (50 m). The cell was set on a hollow brass holder. The sample temperature was controlled at 10.0 0.1 o C by circulating water through the brass holder from a temperature-controlled water bath (B.
Braun, Melsungen, Germany). Figure 1 shows the plot of the lamellar spacings obtained from X-ray diffraction for five different saturated PCs in glycerol as a function of the carbon number in the acyl chains. All measurements were done at the same temperature. The phase transition temperatures are not the same for all systems measured in this study. However we judged that this point is not essential, based upon the facts that the lamellar spacing of the interdigitated gel phase of C16PC/glycerol system is almost constant independently on temperature (N. Ohta, unpublished data). In addition, the same tendency has been reported for the interdigitated gel phase of dihexadecyl-PC/water systems (Cunnigham et al., 1995 , Takahashi et al, 1997 . As increasing the carbon number, the lamellar spacings increase linearly (Fig. 1) . The phase transition temperatures of saturated diacyl-PC/glycerol systems which the carbon number in their chains is 13 to 20 increase in proportion to the carbon number (Swamy and Marsh, 1995) , indicating that there is no odd-even effect. In this connection, the main transition temperatures also increase in monotonic manner for fully hydrated saturated diacyl-PCs containing 13 to 20 carbons in their chains (Hatta et al., 1994) . These facts may be related to the linear increasing of the lamellar spacings observed in this study.
3.Results and Discussion
The intercept at zero and the slope obtained by linear least-square fitting are 3.8 ± 0.1 nm and 0.10 ± 0.01 nm per carbon atom, respectively. The fact that the value of the intercept is considerably large and common over the PCs suggests that the moiety around polar headgroup regions is almost the same and that only acyl chain regions are extended with increasing the carbon number in the acyl chains. The value of the slope is somewhat smaller than the projected maximum length of one CH 2 group along all-trans chain in alkane. This might be due to fractional disorder and slight tilt in hydrocarbon chain.
In order to consider the above fact further, we analyzed the intensity data of lamellar diffraction peaks, using a new swelling method proposed by Adachi (2000) . The swelling method is one of the most effective methods, which has been widely used to determine the phases of each diffraction peak which are necessary to reconstruct the electron density distribution from X-ray diffraction data (Warren, 1987) . In the following, we will summarize a standard swelling method briefly.
For the multilamellar vesicle systems of lipid membrane composed of the regular arrangement of a lipid bilayer, a solvent layer, a lipid bilayer, a solvent layer, and so on.
The electron density distribution of the multilamellar systems can be assumed to be one-dimensional and centrosymmetric. The electron density distribution of the solvent layers is homogeneous. If the swelling of the solvent layers does not affect the structure of the lipid bilayers, one can prepare samples with different repeat spacings but without alternation of the structure of lipid bilayers. In this situation, when the diffraction intensity data of these samples are plotted against reciprocal spacing, the data points are lined on the Fourier transform intensity distribution of the single repeating unit. If one prepares infinite number of samples with different lamellar repeat spacings but an identical structure of lipid bilayer, one can obtain the complete continuous Fourier transform intensity distribution over the single repeating unit. In real experiments, the Shannon's sampling theorem (Shannon, 1948) has been used to draw the Fourier curve from finite number of a diffraction data set (Sayre, 1952) . The phases can be estimated, based upon the transform curve obtained by above procedure.
On the other hand, Adachi (2000) has proposed that for the systems forming an interdigitated structure, the other swelling method is useful where we change lipid layer thickness. Adachi (2000) changed the lipid layer by varying the acyl chain length, i.e., by using different phospholipid molecules, and showed that this method can be successfully used to analyze the detail of the interdigitated structure of PC/alcohol systems. Because all PC/glycerol systems used in this study form the interdigitated structure (Swamy and Marsh, 1995) , the method proposed by Adachi (2000) is available.
Figure 2 displays a plot of the structure amplitudes calculated from each diffraction intensity as a function of reciprocal spacings. To compare with the data obtained from different samples, the observed diffraction intensity data were normalized using the method proposed by Worthington and Blaurock (1969) . The solid curve was calculated using the Shannon's sampling theorem (Shannon, 1949) , based upon the data set of C18PC. The intensity of the zero-order lamellar diffraction can not be obtained experimentally. As pointed out by Franks (1976) , however, because the value of the zero-order lamellar diffraction contributes mainly near the origin of the reciprocal spacing, the exact value is not necessary for this analysis. For simplicity, the value was taken to be zero. All the data points are lined on the solid curve in Fig.2 . This clearly infers that the structure of PC/glycerol systems remains unchanged except for their acyl chain regions.
In Fig.2 , there are three regions (I, II and III). The phases of adjacent region are interchangeable. Hence, the phase set of signs is estimated to be (+, -, +) or (-, +, -),
respectively. From comparison with the electron density profiles of interdigitated structures reported previously , Kim et al, 1987 , Takahashi et al., 1997 , Hirsh et al., 1998 , we assigned the phase set for the three regions as (+, -, +). The electron density profile of C16PC/glycerol system calculated using this phase set is presented in Fig.3 . The profile shows typical feature of interdigitated structures , Kim et al, 1987 , Takahashi et al., 1997 , Hirsh et al., 1998 . The distance of peak-to-peak (about 2.9 nm) agrees with the result of McDaniel et al. (1983) . These agreements also show that the new analytical method is appropriate.
The present study verified experimentally the validity of the assumption used by Swamy and Marsh (1995) for thermodynamic discussion on the stability of interdigitated structure of PC in glycerol. We showed that the moiety around polar headgroup regions in the interdigitated structure of these PC/glycerol systems is almost unaltered independent of the carbon number in the acyl chains. Namely, the present study supports the conclusion by Swamy and Marsh (1995) which one of important factor determining the stability of interdigitated structure of PC in glycerol is the hydrophobic interaction at the interface where acyl chain ends contact with glycerol molecules. In addition, this study shows that the method of Adachi (2000) has advantage in the analysis of interdigitated structures. Plot of the normalized structure amplitudes as a function of the reciprocal space. The curve corresponds to the continuos Fourier transform calculated from the data for C18PC, using the Shannon's sampling theorem.
Figure 3
One-dimensional electron density profile for C16PC in glycerol as a function of spacing along the membrane normal.
